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FERMILAB -TM-2740 and FERMILAB -TM-2741

Detrimental beam dynamics effects limit performance of high 

intensity rapid cycling synchrotrons (RCS) such as the 8 GeV 

Fermilab Booster. Here we report the results of comprehensive 

studies of various beam intensity dependent effects in the 

Booster (aka Summer 2019 Booster beam studies campaign).  

Part I covers the dependencies of the Booster beam intensity 

losses on the total number of protons per pulse and on key 

operational parameters such as the machine tunes and 

chromaticities. 

In Part II we cross-check two methods of the beam emittance 

measurements (the multi-wires proportional chambers and the 

ionization profile monitors), analyze the intensity dependent 

emittance growth effects and discuss the ultimate performance of 

the machine now and after foreseen and proposed upgrades. 
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Part I Summary: Booster Losses 
ÅLosses due to crossing the foil

ï~1%, scale approx (BT+29)/2

ÅLosses out of the ñthree bunch gapò in the linac 

beam, needed for clean extraction

ïAbout 1.7± 0.4% , weak dependence on intensity N

ÅLosses few ms after injection (capture, etc)

ï1%+ 7% (N/6e12)3 - space-charge (N,Q,Qô)

ÅLosses at the transition energy (5.2 GeV)

ïSmall (<1%) for N<4.6e12

ïMb as high as O(10%) at higher intensities if not tuned up

ÅLosses at extraction

ïUsually small O(0.1%)
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Booster Emittance Diagnostics : Multi Wires
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Vertical and horizontal 
MWs are installed in the 
extraction beam line 
ɓx=16.2m, ɓy=25.9m, Dx=-1.65m 
(one measurement per cycle at best)
(readings supposed to be intensity 
independent)

There are 48 wires in each 
instrument, spaced by 1 
mm. 

Statistical rms error of the 
MW rms norm emittance 
measurement is about 
0.05 mm mrad(out of ~2 
mm mrad)

NB: here and in TM-2741 we always use rms normalized 

values, unless specifically mentioned otherwise
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Emittance at Extraction vs total proton intensity N

Operational 
intensity

2 mm mrad
rms norm = 
12 mm mrad
95% norm



Ionization Profile Monitors: V and H
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V=24 kV
D=103 mm
40 strips
æ=1.5 mm

ɓx=6.0m, ɓy=20.8m, Dx=-1.8m
in  Long 04

Once per turn
Intensity dependent
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IPM signals 

for 4 and 20 turns 

injection cycles

Note: 
a) Noisier at 4 turns
b) H/V differences
Å 600/650 V

c) No saturation
d) Complex dynamics

4 turns

20 turns



IPM Principle of Operation
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IPM Transverse Profile Expansion 

Electric field Eext=V0 /D

Ion

Step I: Ion is born Step II: Ion gets out of beam in time Ű0

Step III: Ion reaches 
a/t άōŀƭƭƛǎǘƛŎŀƭƭȅέ ƛƴ 
time Ű2 ~(d/Eext)

1/2

Vy~ForceĀŰ0 = 

=y0 (N/ů2) Ā ãů

y = y0 + VyĀŰ2 = y0 (1+ŬN/ů3/2) 

Ű0 ~20ns

Ű2 ~100ns
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Main Equation and Solutions ïUniform Beam
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blowup time ~50 ns
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beam ~20 ns

Time to reach MCP
(d å50 mm) ~100 ns



Gaussian Beam éand Bunched Beam
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Χ ƛŦ ǘƘŜ ōŜŀƳ Ŏƻƴǎƛǎǘǎ ƻŦ ǎƘƻǊǘ ōǳƴŎƘŜǎ ǎǇŀŎŜ ōȅ ǘb , extra correction factor is applied: 



Thatôs not All: ñZero Intensityò Correction

There are also intensity independent effects leading to the 

IPM profile smearing: 

a) the initial velocities of the ions; 

b) IPM charge collection strips distance 1.5 mm; 

c) angular misalignment of the IPM long and narrow strips with 

respect to the high energy proton beam orbit; 

d) charging of dielectric material in between the strips or strip-to-

stripe capacitive cross talk; 

e) non-uniformity of the extraction electric field in the operational 

IPM apertureé. 

They all add in quadratureé eg, initial kinetic energyEi results in
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Letôs start with the latter effect : MW vs IPM at N=0
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Same ñSmearingò Effect in Horiz and Vert IPMs
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SC Expansion and ñSmearingò in IPM
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Finding the Original ů0 from the IPM ům

Comparison of the vertical (left) and horizontal (right) rms beam sizes at extraction 

for a range of total proton beam intensities Np. Red and blue dots are as measured 

by MWs and recalculated for the IPM location. Black squares with error bars are 

for the rms beam sizes reconstructed from the IPM data correction for ů2
T and for 

the space-charge expansion h(Np, V, D, d )
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Apply the Method to the Entire Booster Cycle

MW

sigma



Emittances : Effects to Keep in Mind
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1) Obits move while the 

space-charge expansion 

depends on the distance

d from the beam orbit to 

the IPM collection plate.

2) Beta-functions at the IPM 

locations vary in the cycle ïsee 

Fig. ïas well as the space-charge 

forces which somewhat distort the 

optical focusing lattice functions

3) Bunching varies (smaller effect)

O(10%)

O(10%)

O(5%)
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Method: Assume no Emittance growth at N=0
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Emittance Arguments to Account for ɓïfunction Variations
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1) to avoid appearance 
of emittance growth at 
low intensity (2 turns 
injection)
2) to avoid decrease of 
emittance in the cycle
3) still to be matched to 
MW sizes at extraction

F(t)=(0.86+0.14*t/T+0.18*4*(1-(t-T/2)^2/T^2)
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Emittance in Cycle (With All the Corrections In) 
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